The oxygen reduction reaction properties on PdO and Zr-doped PdO surfaces, and the relative stability of the concerned surfaces, have been studied by first-principles calculations. The results demonstrate that the doped Zr element plays an important role in the stabilization of the PdO surfaces and the enhancement of the oxygen reduction activities on these surfaces. The Zr atoms prefer to replace the cus-Pd atoms on the PdO (101) surface, which is more stable than the Zr doped PdO (001) surface. The interaction between Pd and Zr could strengthen the hybridization between the adsorbed O 2p and Pd 4d states, thus lower the adsorption energy, improving the O 2 adsorption performance. The adsorbed O 2 molecules tend to be dissociated on the PdO (101) surface. It is also discovered that the increase of Zr doping concentration can also enhance the O 2 adsorption properties and facilitate the subsequent dissociation.
Introduction
Solid oxide fuel cells (SOFCs) are a type of electrochemical device that convert chemical energy stored in hydrogen, carbon monoxide and hydrocarbon fuels into electrical power, in an efficient and environmentally friendly manner. In order to meet the requirements of commercialization in terms of cost and stability, the operating temperature should be below 850 C. For intermediate and low temperature SOFCs, the performance of the cathode material is a critical bottle-neck issue, which restricts the development of SOFC technology. Sr-doped LaMnO 3 /yttria-stabilized zirconia (LSM/YSZ) based cermets are the most common cathodes in high-temperature SOFCs because of their high electrical conductivity, structural stability and high electrocatalytic activity for the oxygen reduction reaction (ORR). [1] [2] [3] [4] However, due to the negligibly low oxygen ion conductivity of LSM, its catalytic activity reduces signicantly in the intermediate temperature range. 5, 6 Many efforts have been made to improve the electrochemical activity of the LSM cathode, such as compositing with mixed ionicelectronic conductors and modifying by precious metals.
3,7
It has been proved that PdO is a promising modier to enhance the electrochemical performance of the LSM-based cathodes by improving the oxygen adsorption and diffusion for intermediate temperature SOFCs (IT-SOFCs) in previous studies. [8] [9] [10] [11] Nevertheless, a signicant growth and agglomeration of the inltrated nano-sized PdO particles was observed under the conditions of high operating temperature and long-term cathodic current polarization, 9, 12 which probably due to the decomposition of PdO oxide to Pd metal. 13, 14 This poor stability of the nano-sized PdO particles during the polarization limits its application in IT-SOFCs. In previous study, 15 it has been proved that adding 20 mol% of Zr element into PdO can signicantly enhance its thermal stability, which nally shows no particles growth under the cathodic condition. In the meanwhile, our experimental results show that the catalytic activity of Zr-dopedPdO (PZO) is promoted. However, the enhancement mechanism of the adding Zr element remains to be studied. With the development of computer and computational theory, the rst-principles calculations have been widely used in many different elds of materials science, especially in the study of SOFC electrodes. 16, 17 In the present work, we investigate the mechanism of the enhanced stability and catalytic activity of PZO based on the density functional theory (DFT) calculation. 18 
Computational methods
The rst-principles calculations reported herein are implemented on the basis of spin polarized DFT and were carried out in the generalized gradient approximation (GGA-PBE), 19, 20 as performed in the Vienna Ab initio Simulation Package (VASP) 21, 22 and the projector augmented wave (PAW) 23, 24 . An energy cutoff of 400 eV is applied for the surfacewave expansion. Accurate Brillouin zone sampling is carried out in the Monkhorst-Pack lattice of 4 Â 4 Â 1.
PdO has a tetragonal structure of P4 2 /mmc. 25 The calculated lattice constant for bulk PdO is a ¼ 3.07Å and c ¼ 5.41Å, which is substantially identical to previous theoretical study (a ¼ 3.04, b ¼ 5.34) 25 and also in accordance with the experimental value of a ¼ 3.05Å and c ¼ 5.50Å. 26 It has been theoretically and experimentally proved that the (101) surface of PdO is the most stable and optimal orientation surface, 26 and adding 20 mol% Zr into PdO does not change its crystal structure. 15 It is reasonable to select the PdO (101) surface as the optimal orientation surface for the ORR simulation. Furthermore, it is well known from the XRD standard card that the peaks of (101) and (001) surface of PdO are almost coincident. Thus, in this study, the (001) surface is also considered as well as the (101) surface.
The PdO (101) surface is characterized by a 7-atomic layer slab of the (101) plane ( Fig. 1(a) ), the slabs are separate by a 15Å thick vacuum layer to prevent the interaction between the two surfaces. Supercell with periodicity (1 Â 3) is employed to simulate the O 2 adsorption on the surface. One Pd atom of each plane of were replaced by a Zr atom in two different ways, which are indicated by Pd 5/6 Zr 1/6 O (101) A and Pd 5/6 Zr 1/6 O (101) B, respectively. For the PdO (001) surface, the supercell slab that consists of a 3 Â 3 surface unit cell with 6 atomic layers, each of which contains 9 atoms, is constructed. A vacuum layer of 20Å is also introduced into this structure (see Fig. 1(d) ). One or two Pd atoms of each plane of such surfaces are replaced by the Zr atoms to modelt Pd 8/9 Zr 1/9 O (001) and Pd 7/9 Zr 2/9 O (001) surfaces. During the geometry optimization, the bottom two layers were xed at corresponding bulk positions, the upper layers and the absorbate are fully relaxed.
The oxygen adsorption on the cathode surface is the rst step and also a critical step during the cathode reaction process.
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The adsorption energy (E ads ) of O 2 is a criterion to determine the difficulty and stability of the adsorption, which is dened by
where E total , E slab and E O 2 represent the total energies of the adsorbed system, the bare slab, and an isolate O 2 molecule in the gas state, respectively. Therefore, the more negative value indicates easier and more stable adsorption.
Results and discussion

Adsorption of oxygen molecule on PdO (101) and PZO (101) surfaces
The stoichiometric PdO (101) surface consists of alternating lines of threefold-coordinated (cus) unsaturated and fourfoldcoordinated (4f) saturated Pd and O atoms 28 as shown in Fig. 2 In this study, we simulate the adsorption of oxygen molecule on these 4 kinds of adsorption sites. According to the results of structural relaxation, Fig. 3 shows the conguration of the PdO aer adsorbing a O 2 on these adsorption sites, respectively. The result shows that oxygen adsorption can be achieved only on the 4f O and cus Pd site. However, the adsorbed oxygen on the two adsorption site is ultimately bonded with the cus Pd atom. The detailed structural parameters of oxygen adsorption achieved on the 4f O and cus Pd two adsorption sites has been compared in the Fig. 4 , it is obvious that the two structures are approximately identical. Consequently, it is found that the oxygen molecule can only be adsorbed on the cus-Pd site of PdO (101) surface. The calculated adsorption energies and structural parameters for PdO (101) surface are listed in Table 1 . The negative values here imply that the adsorption process is an exothermic reaction. Therefore, the more negative the E ads , the more stable the adsorbed structure. In order to examine the relative difficulty for Zr element to incorporate into the surface structure, the defect formation energy (DE i ) of these two kinds of structures are calculated by the equation:
where E(defect) is the total energy of a supercell with the defect; E(slab) is the energy of the perfect bulk supercell; n s i is the number of atoms of type s that are added (n s i > 0) or removed (n s i < 0) to create the defect; m s is the chemical potential of atomic specie s, and the summation notation indicates that all the elemental species are taken into consideration. According to this denition, the smaller the absolute value of DE i , the easier the structure formed. 
Adsorption of oxygen molecule on PdO (001) and PZO (001) surfaces
For the PdO (001) surface, four possible adsorption sites are considered in this study. Fig. 5 (a) shows different O 2 adsorption congurations, which are the single-coordinated atop Pd site (labeled as T), the twofold-coordinated "bridge" site which is above a lattice oxygen (OB), the twofold-coordinated "bridge" site below which is empty (EB), and the fourfold-coordinated "hollow" site (H). The adsorption energies can also be derived from eqn (1). Table 2 summarizes the predicted adsorption energies and structural parameters for these four adsorbed congurations. As with the adsorptions on the PdO (101) surface, adsorption of O 2 on the PdO (001) surface is also exothermic. The Pd-O bond length of the T site is found to be shorter than those of the others, which means that the Pd-O bond in the "T" congura-tion is the strongest one. However, when the O 2 molecule is adsorbed on the T site, it forms only one Pd-O bond to obtain a Pd-O-O structure instead of the Pd-O-Pd structure. While on the other adsorption sites, the Pd-O-Pd structure make the O 2 molecule be adsorbed strongly on the surface, leading to lower adsorption energies. The adsorption on the hollow site shows lowest adsorption energy, indicating the most stable adsorption site, which can be attributed to its high-symmetry. Aer being adsorbed on the H site, the O 2 molecule tends to be disassociated, the O-O bond length increases to 1.609Å. The doping element Zr will change the surface chemical environment of PdO, subsequently introducing more possible adsorption sites on the (001) surface of Zr-doped-PdO. As Fig. 5 shows, there are 3 kinds of T adsorption sites, 2 OB sites, 2 EB sites and 2H sites on the Pd 8/9 Zr 1/9 O (001) surface. The adsorption energies and structural parameters for O 2 adsorption on different sites are summarized in Table 3 . Here we focus on two factors: the adsorption energy determines the difficulty of the O 2 adsorption, while the O-O bond length represents the ability for the following O 2 dissociation. Comparing with Table  2 , although the adsorption energies of adsorption on OB and EB sites of the Pd 8/9 Zr 1/9 O (001) surface are higher than those on the PdO (001) surface, the bond lengths become longer. Furthermore, the adsorptions on the H sites provide the lowest adsorption energies and the adsorption O 2 molecules are completely dissociated. Thus we conjecture that the introduction of Zr element will promote the O 2 adsorption (especially on the H sites) and dissociation. In addition, the Bader charge analysis reveals that the adsorbed oxygen molecule are O 2 À on the H site of PdO (001) surface, while they are dissociated O À on the H site of Pd 8/9 Zr 1/9 O (001) surface. In order to verify our inference, more Zr atoms are introduced into the PdO (001) surface to construct a Pd 7/9 Zr 2/9 O (001) surface structure, on which the O 2 adsorptions are also simulated. Only the typical adsorption sites (T, OB, EB and H) are considered here, and the corresponding adsorption energies, structural parameters are listed in Table 4 . The same conclusion can be reached since the adsorption energies are lower on the OB, EB, and H sites, and the adsorbed O 2 molecules are ready to be dissociated. It is worth mentioning that the oxygen adsorbed on the H site of PZO surface is completely dissociated, with greatly enlarging of O-O distance from gaseous value of 1.209 to 3.455, 3.247 and 2.699Å (Fig. 6) . It is for this reason that oxygen adsorption on the H site can achieve such a low adsorption energy. These results can be proved by Bader charge analysis, which indicate that 1.980e charges have been transferred to the adsorbed dissociated oxygen ions on the OB and H sites of on the Pd 7/9 Zr 2/9 O (001) surface.
Relative stability of PdO and PZO surfaces
As with the adsorption and dissociation properties, the stability also is an important evaluation criterion of the cathode materials for SOFCs. In order to estimate the stability of the PdO and PZO surfaces considered in this study, the formation energies of the surface structures are calculated and compared in Table 5 . Since the different structures have different atomic number, the formation energies per O atom (E form ) is employed to keep the comparability. The value of the E form is dened by:
where E substrate , E Pd-bulk , E Zr-bulk , and E O-bulk represent the total energies of the substrate, bulk Pd (per atom), bulk Zr (per atom), Table 2 The adsorption energies, structural parameters for different adsorption configurations of O 2 adsorption on the PdO (001) surface Table 3 The adsorption energies, structural parameters for different adsorption configurations of O 2 adsorption on the Pd 8/9 Zr 1/9 O (001) surface Table 4 The adsorption energies, structural parameters for different adsorption configurations of O 2 adsorption on the Pd 7/9 Zr 2/9 O (001) surface and gas O (per atom), respectively, while N Pd , N Zr , and N O indicate the number of Pd, Zr, and O atoms in a given PdO or PZO surface structures. Accordingly, the greater absolute value of the E form implies the higher stability of the structure. As in shown in Table 5 , for the (101) surfaces, the stability is in the order of Pd 5/6 Zr 1/6 O (101) B > Pd 5/6 Zr 1/6 O (101) A > PdO (101); and for the (001) surfaces, the order is Pd 7/9 Zr 2/9 O (001) > Pd 8/9 Zr 1/9 O (001) > PdO (001). Thus, a conclusion that the addition of Zr element will increase the stability of the PdO surfaces. Moreover, compared the results of (101) surfaces to those of (001) surfaces, it is found that the (101) surface is much more stable than (001) surface. Such corollary is in consistent with the previous result that PdO is in the form of PdO (101) surface under the working condition.
Electronic structures of PdO and PZO (101) surfaces
In order to explore the interaction between the adsorbed O 2 and the surfaces, and the deep mechanism of the Zr improved ORR performance, partial densities of states (PDOS) calculations are carried out on the O 2 molecular adsorbed PdO and PZO surfaces. Considering that the (101) surface is the stable surface under the operating condition and the O 2 molecule could only be adsorbed on the cus-Pd (Zr) sites of the surface, PDOS of topone-layer atoms and adsorbed oxygen atoms on PdO (101) and Pd 5/6 Zr 1/6 O (101) B surface are calculated and plotted in Fig. 7 . As shown in Fig. 7(a) , when the O 2 molecule is adsorbed on the cus-Pd site of PdO (101) surface, hybridization between Pd 4d and adsorbed O 2p states can be found around À7.6 eV, indicating the bonding states. The overlapping means that there will be electronic exchange between the two atoms, and they are bonded by chemical bond. Thus, the bond length is smaller than the sum of the atomic radius. However, the anti-bonding states can also be found ranging from À1 to 0.5 eV, which are partly occupied by electrons. The occupied anti-bonding states can neutralize some bonding states, weakening the adsorption. For the Pd 5/6 Zr 1/6 O (101) B surface, as described previously, there are two kinds of adsorption sites: the cus-Pd and cus-Zr sites. When the adsorption occurs on the cus-Zr site (Fig. 7(b) ), there also exist the bonding and anti-bonding states. The difference is that the Zr 4d states mainly locate in the conducting bands and the anti-bonding states are unoccupied, resulting in a lower adsorption energy compared to that on the PdO (101) surface. Due to the interactions between Pd and Zr, the Pd 4d states move towards to higher states. Aer adsorption, as shown in Fig. 7(c) , the hybridization between O 2p states and Pd 4d states are around the energy level of 1.5 eV, and À7 to À5 eV. The splitting and broadening of peaks indicate a strong interaction between Pd and the adsorbed O atom, the charge transfer between Pd and the adsorbed O becomes easier, which facilitate the adsorption, leading to the lowest adsorption energy. The overlap center moves to high energy level, thus the Pd-O bond length is longer than that on the PdO (101) surface.
The charge distribution and transfer are of great importance to understanding the interactions between atoms. Therefore, the difference electron density of the clean and O 2 adsorbed Pd 5/6 Zr 1/6 O (101) B surfaces are calculated and shown in Fig. 8 , those of the top two layers and the adsorbed O 2 molecule are the main concerns in this study. Before adsorption, as represented in Fig. 8(a) , it can be seen that there is a low electron-density region around the Zr atom. The electron density increases when the O 2 molecule is adsorbed on the Zr atom, as is shown in Fig. 8(b) , the electrons go into the antibonding orbital of the O 2 molecule, which promotes the cleavage of the O 2 molecule. Fig. 8(c) shows a high electron-density region between adsorbed O and surface Pd atom, which shows that there is a stronger orbital hybridization between the two atoms. The hybridized electronic orbitals act as a bridge to make the transmission of electrons easier. From the comparison of Fig. 8(b) and (c) , it is found that the O atom adsorbed on the cus-Pd site receives more electrons than that on the cus-Zr site, indicating that the interaction between O and Pd is stronger than the Zr case. This is a good explanation for the predicted adsorption results.
Conclusions
In summary, rst-principles calculations have been performed to investigate the stability of the Zr doped PdO surfaces and the O 2 adsorption properties on which. The following conclusions can be made:
(1) The incorporation of Zr can stabilize the PdO (101) and (001) surfaces, and the doped (101) surface is more stable than the (001) surface. Zr atom prefers to substitute for the cus-Pd atom on the (101) surface.
(2) The lowest O 2 adsorption energies on the PdO (101) and the Zr-doped PdO (101) surfaces are determined to be À0.552 eV and À1.003 eV respectively. The lower adsorption energy indicates that the addition of Zr makes the adsorption on cus-Pd site easier and more stable than the pure surface, thereby improving the ORR performance.
(3) The adsorption results on the Zr-doped PdO (001) surfaces suggest that these surfaces are suitable for adsorbing oxygen, and oxygen molecules tend to dissociate in some sites. Besides, the increase of Zr doping concentration will enhance the O 2 adsorption properties and facilitate the subsequent dissociation.
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